
Fenton Reaction
Fenton reactions are included in the category of advanced oxidation processes and represent a
catalytic process for the generation of hydroxyl radicals from hydrogen peroxide.
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2.4.3 The Effect of Catalyst Type and Surface Area
Fenton reactions in heterogeneous processes have used several
mineral or chemical forms of iron (Section 2.2). The iron oxidation
state of most natural minerals such as goethite and hematite is 3+
(2+ for magnetite). Some oxide catalysts with oxidation states of iron
2+ and 3+ have also been synthesized in the laboratory.  Many
researchers have reported that magnetite is a more effective catalyst
than goethite or hematite for heterogeneous Fenton reactions
because the magnetite has a combination of Fe  and Fe  oxidation
states. The combination of 2+ and 3+ oxidation states in magnetite
enhances the production rate of OH radicals because the reaction
rate of H O  with Fe  sites is significantly higher than the rate
with Fe  sites.  Additionally, the octahedral site of the
magnetite structure is a very versatile redox site that can
accommodate both Fe  and Fe . Therefore, the  can be easily
reduced to  without structural constraints.

Valentine and Wang  proposed that the surface area of iron oxide
accounts for the difference in reaction activity; these authors and
Huang et al  showed that the decomposition rates of H O  via
different (hydr)oxides were all relatively similar when values are
normalized in regard to catalyst surface areas.
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Inorganic/Bioinorganic Reaction
Mechanisms
Ariela Burg, Dan Meyerstein, in Advances in Inorganic Chemistry,
2012

D Fenton-Like Reaction
The Fenton reaction is the Fe(III/II)-catalyzed oxidation of organic
substrates, RH, by H O  (99,100) (reactions (47) and (48)):

Under some conditions, the active oxidant is Fe(IV) O and not the
hydroxyl radical (101). Reactions entailing other low-valent transition-
metal complexes that react like iron are called Fenton-like reactions
(100,102,103). Fenton-like reactions were studied with Cu (aq) and its
complexes, such as [Cu(I)(phenanthroline) ]  (102). The results of
these studies indicate that transient complexes, Cu(I)-H O , are
formed. However, OH  is not formed directly as proposed in reaction
(47) (103).

The rate constant of reaction (49) was determined (103).

The rate constant determined in the presence of 1 M tert-butyl
alcohol is slower than that observed in the absence of the alcohol,
k = (3.8 ± 0.2) × 10  M  s  (103). The decrease in the reaction rate
constant could not be explained by the reaction between Cu (aq) with
tert-butyl alcohol radical, which is very fast (104),
k = 2.6 × 10  M  s . Masarwa (103) explained this result as
indicating that the transient (H O) Cu O H  reacts with the organic
substrate, thus changing the mechanism occurring in the absence of
an organic substrate (103).

The study of Fenton-like reactions is significant for biological
systems. Csapski et al. studied the Fenton reaction in the presence of
[Cu(I)(phenanthroline) ]  and DNA (102). They showed that the Cu(I)
complex binds to DNA, the double helical structure of which was
degraded by either the OH radical or [Cu(III)(phenanthroline) ] ,
which is formed via the oxidation of [Cu(I)(phenanthroline) ]  by
H O .
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Enzymes and Enzyme Mechanisms
(Radicals and Metalloenzymology)
John A. Hangasky, ... Michael A. Marletta, in Comprehensive Natural
Products III, 2020

5.12.5.6 Biological Co-Substrate Availability: H O  vs. O
Brown rot fungi exploit Fenton chemistry to depolymerize and
degrade biomass.  Both small molecule Fe complexes and H O -
generating enzymes are secreted to generate •OH. A multi-stage
decay mechanism is employed to protect carbohydrate-active
enzymes; H O -generating enzymes in conjunction with small
molecule Fe complexes are utilized in early stages of decay to
spatiotemporally separate them from the majority of CAZy enzymes,
which are expressed in later stages of decay.  This spatially-
resolved multi-stage protein expression protects susceptible enzymes
from ROS, where enzymes expressed at earlier stages likely have a
higher tolerance to ROS. This spatiotemporal separation also
addresses one of the main issues surrounding the use of Fenton
chemistry in biology. Spatially-resolved gene expression has also
been observed for other filamentous fungi,  suggesting this may be
a common strategy that Nature employs to minimize the deleterious
side effects of ROS.

PMOs are expressed in later stages of degradation in conjunction
with known ROS scavengers, including superoxide dismutase,
catalase, and glutathione S-transferase, which are all involved in ROS
detoxification.  The central role of these detoxification enzymes in
maintaining low H O  concentrations is highlighted by the
requirement of catalase for fungal growth  and the nanomolar
H O  concentrations found in later stages of decay.  The low H O
concentration, combined with the catalytic efficiency of H O  vs. O ,
suggests that there is a competition between H O  and O
(~ 250 μM) for the PMO active site.
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Green chemistry and its applications in
hospital wastewater and its treatment
Reetu Rani, Suman Singh, in Green Chemistry and Water
Remediation: Research and Applications, 2021

3.1.1.6 Photo-Fenton process
In this process, Fenton reaction mixtures are irradiated with UV and
visible lights to increase the rate of the reaction of the reacting
mixture. During this procedure, iron salts perform as photo catalyst
and H O  as oxidant. Free radicals are generated to greater extent
compared to normal Fenton process. The rate of reaction is very fast
which depends on different factors such as pH of the solution, the
concentration of iron salts, and H O  added (Elmolla and Chaudhuri,
2009). Although photo-Fenton method is more efficient compared
with simple Fenton oxidation, narrow pH range and high cost sludge
processing limit the application of this process in wastewater
treatment (Mishra et al., 2017; Trovó et al., 2011). Reaction
mechanism of photo-Fenton process is given below in Eq. (9.4).
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6.08.3.3 Applications in Environmental Cleanup
The well-known Fenton chemistry is the oxidation process activated
by Fe(II) salts in the presence of H O  that generates radical species
in solution and oxidizes a wide range of organic substrates with high
activity but generally poor selectivity. The main drawbacks of these
systems are the tendency to decompose the oxidant, which implies
the need of over-stoichiometric amounts of H O  and the difficult
control of the coordination geometry and the oxidation state of the
metal leading to the coexistence of several parallel oxidation
processes that have limited the development of iron-based oxidation
methods for years. On the contrary, the very low cost of this metal
compared to others in combination with its poor toxicity supports its
employment in homogeneous catalysis,  and in oxidation processes
in particular.

Soluble iron complexes have found applications also in
environmental cleanup. One landmark example was developed by
Collins and Lenoir based on an Fe(III) metal center coordinated to a
tetra-amido macrocycle that coordinates the metal with four anionic
amide groups. The complex is highly active in the activation of H O
as terminal oxidant toward the complete degradation of different
species in aqueous solutions such as dyes, water effluents from paper
industries, and resistant chlorinated phenol derivatives. The catalyst
operates under μM concentration under mild experimental
conditions allowing from hundreds to thousands cycles within
minutes before coming to a stop.  Very importantly, among the
decomposition products of pentachlorophenol or trichlorophenol,
dioxines were not detected; instead a mixture of small biodegradable
organic acids and CO, CO , and HCl were present when working
under basic conditions, clearly speaking for the high environmental
compatibility of this catalytic system.

A further notable application of this highly efficient and green
oxidation method consists of the total degradation of
organophosphorous pesticides such as Fenitrothion and Parathion
with a widespread use in agriculture that are converted within
minutes to C  to C  carboxylic acids, dimethylphosphate, plus a large
amount of mineralization products.  The system is also capable of
deactivating highly stable and inert bacterial spores similar to the
warfare biological agent Bacillus anthracis achieving a 10  decrease in
the population of spores within 15 min of treatment with Fe(TAML)
and t-BuOOH in the presence of cationic surfactants whose effect is
to enhance the activity to the system.

Further optimization of the ligand structure led to the development
of a second generation of tetramide systems showing high activity at
pH 5–8, which makes the new class of catalysts even more suitable
for purifying environmental waters. The endocrine-disrupting activity
of the new Fe  tetramide complexes was checked observing their
absolute compatibility with aquatic life,  as a further confirmation
of the absolute green character of this oxidation method (Chart 4).
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Chart 4. Structure of Fe(III) catalysts developed for wastewater treatment.

Among the possible oxidation reactions, the direct CH selective
functionalization of alkanes to oxygenated compounds is both a
highly valuable and a challenging transformation. White reported
recently two important contributions concerning Fe(II)-mediated
oxidation of tertiary and secondary CH bonds to tertiary alcohols
or carbonyl compounds,  respectively, by using H O  as oxidant
under mild experimental conditions. A pivotal role in this catalytic
system is played by the tetradentate ligand employed bearing two
pyridines and two pyrrolidines as donor atoms whose effect is to
increase greatly both the catalytic activity and the selectivity of the
iron catalyst. In particular, the catalyst is more active toward tertiary
CH bonds if these are sterically accessible and if no electron-
withdrawing groups are in close proximity. This allows extremely
regioselective functionalization of elaborated organic structures like
in the cases reported in Scheme 33.

Sign in to download full-size image

Scheme 33. Selective CH oxidation of complex molecules with H O  mediated by Fe(II) catalyst bearing tetradentate N ligand.

In the absence of tertiary CH groups or if these do not meet the
above-described criteria, the catalytic system operates on secondary
methylene residues with high selectivity, again with preference for
CH  groups that are sterically accessible and with greater conversion
if electron-activating groups such as cyclopropyl or ether moieties are
present (Scheme 33).

Overall, despite the high catalyst loading required and the generally
low turnover number of this Fe(II) catalytic system, the use of H O
under mild conditions in combination with the highly valuable
selective functionalization of CH bonds with high predictability on
the basis of electronic and steric considerations makes this catalytic
system extremely important and valuable. In fact, the possibility to
specifically insert oxygen atoms in a certain position of complex
structures at a late stage of the synthesis represents an alternative
streamline approach compared to classical synthesis, thereby
reducing unproductive chemical manipulations associated with
carrying them through a sequence.
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Light Activated Processes with Zeolites:
Recent Developments
Prabir K. Dutta, Subhrakanti Chakraborty, in New and Future
Developments in Catalysis, 2013

2.5 Environmental Photochemistry with Zeolites
Advanced oxidation processes (AOP) for destruction of organic
compounds in contaminated water are being actively researched and
practiced for remediation purposes [20]. The two most successful
AOP processes are illumination by UV light in conjunction with H O
and titania-based heterogeneous photocatalysis. Both these
processes perform optimally with UV radiation, and there is
considerable effort to move into the visible range, and use solar
radiation for the photodecomposition. With the titania-based system,
recovery and recycling of the nanoparticles is also an issue and has
prompted the investigation of supported titania photocatalysts.

Various zeolites have been examined as supports, including zeolite A,
Y, β, ZSM-5, and mordenite [21]. Synthesis of titania on zeolite A was
carried out by TiCl  impregnation, followed by calcination in air at
400 °C to generate anatase. These anatase particles had a bandgap of
∼3.31 eV as compared to 3.20 eV for commercial P-25. Upon UV
irradiation, the photodegradation of several dyes was noted, though
P-25 consistently performed better. The advantage of the zeolite
support was easier separation, and the photocatalytic activity was
maintained over five cycles, as compared to only three cycles for P-
25.

In attempting to move the photoexcitation into the visible
wavelength range, CuO on zeolite has been examined [22]. The
zeolite promoted the dispersion of CuO on the zeolite, as well as
enhanced adsorption of the organic species, o-phenylenediamine.
The solar radiation-based photodegradation of o-phenylenediamine
increased in the presence of H O  or KBrO . Zeolite or CuO alone
did not exhibit significant photodegradation, suggesting synergy
upon coupling the two species.

Several reviews have recently appeared on the heterogeneous Fenton
reaction using porous supports for environmental degradation
[23,24]. Iron zeolites are also being examined for photo-Fenton
degradation of organic compounds [25]. Light can enhance the
Fenton process via photoreduction of Fe , as well as
photodecomposition of H O , and formation of ferryl (Fe O)
species. The advantage of using the zeolite as a support for
heterogeneous Fenton reactions over soluble iron catalysts is the
possibility of working over wider pH ranges, as well as separation of
the catalyst and minimal iron leaching. Fe-ZSM-5 and Fe-zeolite β
are available commercially and these materials were used with
phenol, dichloroacetic acid, and imidachloprid as target molecules.
The reactions were carried out in the laboratory and in a solar pilot
plant. The influence of the zeolites can be summarized as follows:

H O  decomposition rate for FeZSM-5 was independent of light
(∼3.6 × 10  L g min ), whereas for Fe-beta, light-based
decomposition was higher (∼1.5 × 10  L g min ) as compared
to dark (∼1.3 × 10  L g min ). H O  decomposition can occur
by productive (OH , Fe O) or non-productive ( OOH) routes.

Larger organic molecules were more strongly adsorbed to the
larger pore Fe-Beta.

Fe-ZSM-5 was more effective at mineralization of phenol, as
compared to the leachate from the zeolite, indicating that the
iron is constrained by the zeolite.

Thus, for practical applications, the contaminant needs to be
matched to the appropriate Fe-containing zeolite for optimum
performance.
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Advances in Photocatalytic Materials for
Waste Water Treatment Applications
Muhammad B. Tahir, ... Muhammad Sagir, in Reference Module in
Materials Science and Materials Engineering, 2020

Homogeneous Photo-Fenton Reaction
The process that does not involve light irradiation is called Fenton
reaction whereas the process in which light irradiation is necessary
up to 600 nm is called photo-Fenton reaction. This process is almost
opposite to heterogeneous TiO  photocatalysis. This process was first
used in 1960. It can degrade all types of organic compounds from
aqueous medium.

The basic mechanism of fenton reaction is as follows:

Without light source, Fe  will decompose the H O  and this will
result in the formation of hydroxyl radicals. These iron complexes are
water soluble and they can absorb visible as well as UV-light
irradiation.

In the presence of light, the rate of photo-Fenton reaction will be
increased compared with the dark experiment. This enhancement in
the reaction may be attributed to the continuous regeneration of Fe
(aq) due to the photochemical effect of light. This reverse cycle of
Fe  (aq) → Fe  (aq) → Fe  (aq) will ultimately generate hydroxyl ions
until the concentration of hydrogen superoxide (H O ) ions in the
solution is substantial. This process will be limited if the quantity of
iron in the reaction is limited (Clarizia et al., 2017; Pereira et al.,
2014).

The feasibility of the photo Fenton reaction depends upon different
parameters of the water such as pH and concentration of ions in
water. Photo Fenton reaction has high photocatalytic activity
compared with heterogeneous TiO  photocatalysis. For photo Fenton
process 2.8 pH has been considered to be the best and most suitable
pH because at this pH, the precipitation does not takes place and also
it results in the creation of (Fe(OH))  in water. Since the pH of the
water is too low, it means that it has very low acidic effect and at low
cost water can be treated.

The basic role of hydrogen superoxide ions (H O ) in water treatment
is to increase the rate of the reaction. It works for photo Fenton as
well as in heterogeneous TiO  photocatalysis·H O  decreases the
chances of recombination of electron–hole pair and it provides the
hydroxyl radicals in the water through the following mechanism (Liu
et al., 2015; Noorjahan et al., 2005):
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Advanced Low-Cost Separation Techniques
in Interface Science
Gassan Hodaifa, ... Matteo Neviani, in Interface Science and
Technology, 2019

3.3 Photo-Fenton
This technique consists of an energetically improved treatment
method based on the combination of Fenton reaction with
photodegradation [53]. The use of ultraviolet artificial lamps or visible
light reduces the catalyst concentration required, enhances the
catalytic activity, and accelerates the degradation of organic matter
[48,53]. Furthermore, photoreduction of Fe  results in Fe
photochemical regeneration, which reacts with H O , generating
new hydroxyl radical and ferric ion [54].

The highest efficiency during Photo-Fenton is achieved at pH equal
to 3.0, explained by the higher solubility of the complex hydroxy-Fe
and higher photoactivity of Fe(OH)  [54].
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(Eq. 6)

(Eq. 7)

(Eq. 8)

Bioactive Natural Products (Part C)
P. Cos, ... D. Vanden Berghe, in Studies in Natural Products
Chemistry, 2000

OH  Scavenging Activity
The most common method to produce the highly reactive OH  is the
so-called Fenton reaction, which was first observed by Fenton in 1894
(Eq. 6) [89].

However, there is still doubt whether some or even all of the OH
produced from the Fenton reaction may remain bound to the iron
center, either as the FeOH  (Eq. 7) or the FeO  intermediate (Eq. 8)
[90–91].

The Fenton reaction was used by Yoshiki et al. [92] and Puppo [93],
whereas Husain et al. [94] generated OH  by UV photolysis of H O .
It should be considered that several flavonoids chelate transition
metals and therefore inhibit the production of OH  generated in the
Fenton reaction. Different methods were applied to detect OH .
Husain et al. [94] spin trapped the OH  by 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) and measured these radicals by the highly sensitive
HPLC-electrochemical detection method [95]. The technique of spin-
trapping involves the addition of a free radical to a diamagnetic
compound (the spin-trap) to form a more stable radical adduct [96].
The intensity of chemiluminescence was observed by Yoshiki et al.
[92] as a measure for OH  scavenging activity, whereas Puppo [93]
detected the OH  either by the deoxyribose assay (see also section
pro-oxidant activity of flavonoids) or by aromatic hydroxylation of
phenylalanine. In aromatic hydroxylation OH  attack a specific
detector, in this case phenylalanine, resulting in the production of
three isomeric tyrosines. These hydroxylated products can be
separated by HPLC equipped with a highly sensitive electrochemical
detector [97].

Only a few studies are published concerning the OH  scavenging
activity of flavonoids. In accordance with the  scavenging
activity, three studies reported an increase of the OH  scavenging
activity with an increasing number of OH groups in the B-ring [92–
94]. However, this was not confirmed by Hanasaki et al. [16] and
Laughton et al. [32], who observed that e.g. quercetin could enhance
OH  production and could therefore act as a pro-oxidant (see also
section pro-oxidant activity of flavonoids). Apparently, the OH
scavenging activity varies with the method applied. The introduction
of a C2-C3 double bond and/or a C-3 OH group had no significant
effect on the activity [92, 94], whereas according to Husain et al. [94]
the presence of a carbonyl function at C-4 appeared to play an
important role. Husain et al. reported that the most active flavonoids
(myricetin and quercetin) were better OH  scavengers than ethanol
and 1-butanol, but less active than DMSO [94].
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1.2.4 Fenton/Haber–Weiss Chemistry
Both the Fenton and Haber–Weiss reactions are associated with iron
and the production of hydroxyl radicals. The Fenton reaction
describes the formation of hydroxide (OH ) and hydroxyl 
radical by a reaction between Iron (II) (Fe ) and hydrogen peroxide
(H O ) [33], Haber–Weiss reaction is where hydroxyl and hydroxide
ions are generated from the reaction of H O  and superoxide ion 

 catalyzed by iron [34].

The Haber–Weiss cycle is actually a two-step reaction, where the
ferric ion reduces to ferrous ion via reaction with superoxide, which,
in turn, reacts with H O  to form OH  and  ions, converting
ferrous back to ferric ion.

Henry J.H. Fenton reported for the first time the oxidation power of
H O  and Fe  towards tartaric acid in 1876 but never mentioned the
existence of the hydroxyl radical intermediate in the oxidation
process, although the reaction was named after him [35]. The
existence of  was proposed by two German chemists, Fritz
Haber and Joseph Joshua Weiss in 1934 via reaction of hydrogen
peroxide and superoxide in presence of iron as a catalyst [36].
Formation of this hydroxyl radical via transition metal catalyzed
reaction has gained plenty of attention over the years and is
considered to be one of the key processes for the production of the
highly reactive  in the cellular redox chemistry.

Not only hydroxyl radicals but also Fenton/Haber–Weiss chemistry
gives rise to several other intermediates including hydro peroxides 

, superoxide (O ), etc. during various chain initiation and
propagation reactions shown in Eqs. (1.xxxv)–(1.xliii).  acts as the
chain carrier with the ability to react with Fe , H O , or any organic
species to propagate the reaction. But in some instances, chain
termination also comes into effect via combination of two radicals (

 or ) producing just hydrogen peroxide,
water, and oxygen as shown in Eqs. (1.xlii) and (1.xliii) [37]. The
existence and propagation of any of these reactions highly depends
on the density of iron in its required oxidation state as well as the
rate constant. An important condition for iron-induced reduction of
hydrogen peroxide is the low pH requirement between 3 and 6.

Chain propagation and termination reactions associated with iron
and hydrogen peroxide with rate constant measured at pH=5 [38–40].

Fenton chemistry is commercially utilized to treat water pollution,
contaminated soils, sludge, etc. by oxidizing the pollutants such as
benzene, formaldehyde, rubber chemicals, and pesticides. The rate
constant for the initial reaction between Fe  and H O  is generally
observed to be around 10  M  s  but in biological systems, this rate
of reaction with free Fe  is not enough for the oxidation to occur.
However, when bound to ADP, ATP, or citrate, the oxidation rate
increases by at least 2 orders of magnitude, resulting in a reaction
rate fast enough for the iron-catalyzed redox process to occur [41].
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